attributable to pharmaceuticals. 2 These costs would be reduced by targeting drugs just to patients who benefit from them, thereby freeing resources for others who may receive large incremental benefits from treatment. This is particularly important for conditions in which individual responses to a treatment are variable. N-of-1 trials are multi-cycle within-patient, randomized, double-blind, cross-over comparisons of a drug and placebo (or another drug) using standardized measures of effect ( Fig. 1) . They provide evidence-based information on individual response to treatment and can be used to optimize the chronic disease management of the individual in the trial.
The following are the essential characteristics of medicines suitable for an N-of-1 trial: 1) the condition for which the medication is being prescribed is chronic and [relatively] stable; 2) the half-life of the medication being tested is short; 3) there is rapid onset/offset of biological action of the medication; 4) the effect of the medication can be measured using a validated outcome measure; 5) the medication does not alter the underlying condition. 3, 4 Clinicians commonly conduct informal trials of therapy when they start a drug in a patient and judge the clinical response. However, compared with the more structured N-of-1 trials, these are methodologically inadequate to provide evidenced-based information for tailoring the individual's chronic disease management. Although N-of-1 trials are not widely used, there is potential for these to become part of normal medical practice for targeted illnesses, drugs and participants. 5, 6 Moreover, N-of-1 trials may facilitate targeting of government subsidized medicines to patients for whom there is demonstrable benefit. 7 
Objectives
The objective of the study is to determine if the use N-of-1 trials reduces health care costs compared to "standard practice". We summarize here the impact of three N-of-1 trials including a one-year follow-up. This follow-up was important to monitor adherence to the optimized therapy identified in the trial and observe the associated costs. We report the observed costs of management and the expected costs for scenarios where the higher-cost pharmaceuticals are restricted to responders only.
METHODS Design
In 2003-2005, we conducted three N-of-1 trials:
(i) Celecoxib (Celebrex) versus sustained release acetaminophen (SR-acetaminophen) (PanadolOsteo) for osteoarthritis performed in a community setting. (ii) Gabapentin (Gantin) versus placebo for chronic neuropathic pain performed mostly in a hospital outpatient setting. (iii) Dexamphetamine (dexamphetamine sulfate) versus methylphenidate (Ritalin/Ritalin LA) or placebo for ADHD performed in both a community and a hospital outpatient setting.
Ethics approval for the trials was obtained from The University of Queensland's Medical Research Ethics Committee. Additionally, for the neuropathic pain trial, approval was obtained from the ethics committees of the participating institutions, Princess Alexandra Hospital, Brisbane and the Port Kembla Hospital, Port Kembla. For the ADHD trial, additional approval was obtained from the ethics committee of Mater Misericordiae Health Services, Brisbane. In late 2004, the Australian Therapeutic Goods Administration instructed all trials using celecoxib to cease due to possible adverse health events identified in other members of the selective COX-2 inhibitor class of drugs, and recruitment for this trial was ceased prematurely.
Participants
Participants were volunteer patients with osteoarthritis, chronic neuropathic pain or ADHD whose optimal choice of treatment was uncertain. The trial methods have been described elsewhere and are summarized in Table 1 .
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Outcomes Data
For this study, a pre-post trial design was used to compare participants' use of medications before and after the N-of-1 trial. On completion of the trials participants were classified as "responders" and "non-responders"; at this time a management plan was agreed between the participant and their clinician (see Table 1 ). Follow-up semi-structured telephone interviews were conducted at three, six and 12 months for all participants who completed the trials. These interviews recorded information on the participant's current therapeutic management, reasons for any changes in treatment strategy, and feedback about the impact of the trial on the management of the participant's symptoms. This information was used to determine the effects of the N-of-1 trial on individuals' disease management. Persistence with the treatment decision from the trial is defined as "the act of continuing the treatment for the prescribed duration" 11 and was classified at 12 months.
Economic Analysis
The present study focuses on responders and non-responders as classified at the end of the trial. For this analysis, cases with complete records were used; cases identified as possible responders were classified as non-responders. A cost analysis took the perspective of costs to the Australian healthcare system. These are costs associated with management of osteoarthritis, chronic neuropathic pain and ADHD largely incurred through visits to primary care physicians, specialists in hospital outpatients, and for pharmaceuticals. Allied health costs (e.g. physiotherapy) were not considered in the analysis.
Costs for these healthcare services are borne by the federal government through the PBS and Medicare for primary care physician visits, and by State governments for public hospital outpatient services. Co-payments and out-of-pocket expenses incurred by patients were not included. Data collected from participants included details of treatments and disease management strategies for the three months before the N-of-1 trial (pre-trial data), data on resource use to 12 months follow-up and the fixed and variable costs of administering the trials. Participants were asked the number of visits to the doctor and details on pharmaceutical use at that time. These resources were assigned a standard cost of $31.45 per general practitioner (GP; i.e. family physician) visit and $65.40 per specialist visit (the amount rebated to the patient by Medicare for a primary care visit or a specialist follow-up visit; 12 A$1≈US$0.70); pharmaceuticals were assigned the full price from the Schedule of Pharmaceutical Benefits. 13 Three scenarios are analyzed (Fig. 2) . First is the observed pre-and post-trial costs for the participants in the three trials, including costs for pharmaceuticals and medical consultations. In the second scenario, we assumed continuing access to the pharmaceutical in question is dependent on evidence of a response to the pharmaceutical from the N-of-1 trial (i.e. only responders to the higher cost pharmaceutical would be eligible to receive it). We used the observed pre-and post-trial medical consultation rates and calculated the expected costs for restricting the higher-cost pharmaceuticals to responders. In the third scenario, we assumed that all participants had been using the higher cost pharmaceutical for at least three months prior to entry into the trial, and only responders to the higher cost pharmaceutical would eligible to continue to receive that pharmaceutical. This scenario is an extension of the second scenario to model the expected costs and consequences for patients who are using the pharmaceutical prior to commencing the N-of-1 trial.
The healthcare use and costs in the previous three months reported in the post-trial surveys at months three, six and 12 were used to estimate annual totals; the costs and healthcare use reported at the 12-month surveys for the previous three months was doubled to give a six month estimate. The reported pre-trial data were extrapolated to 12 months (by multiplying these costs by four). Differences in pre-and posttrial costs for the three scenarios were then calculated.
Data were analyzed using Excel and SPSS version 17. Means, medians, SDs and inter-quartile ranges (IQRs) are presented for descriptive statistics. In addition, the percentage of participants with a reduction in health care use, pharmaceuticals or costs in the post-trial period are reported.
To calculate the significance of mean differences between costs in the pre-and post-trial periods, t-tests were used. However, small sample sizes and differenced data are more likely to be non-normally distributed. Therefore, each series of differenced data were randomly resampled 10,000 times (i.e. bootstrapped) with the bias-corrected and accelerated (BCa) method. 14, 15 This enabled normalized 95% confidence intervals (95%CI) to be estimated and t-tests to be conducted. A statistically significant difference was defined as a probability of 5% or less that the result occurred by chance.
RESULTS
The demographic and clinical characteristics of the participants in each of the three trials have been described previously and are summarized in Table 2 . All participants in the osteoarthritis trials completed all preand post-trial surveys; however, the proportions completing all surveys in the neuropathic pain and ADHD trials were lower. We had no way of determining any bias for those who were lost to follow-up, and therefore restricted the analysis to only those completing all surveys. The ADHD trial had enrolled a substantial number of participants without obtaining pre-trial data because it had already commenced when funding for this current study was received.
The N-of-1 trials included identification of changes to patient management at the end of the trials and compliance with the clinical decision over the following 12 months. These results have been described in detail elsewhere and are summarized in Table 2 . [8] [9] [10] 16 The rates of persistence with the treatment decision from the trial at 12 months were greatest for ADHD participants at approximately 70%, followed by 45% for celecoxib participants, and 32% of the participants from the neuropathic pain trial. The persistence rate in the celecoxib trial may have been reduced by well-publicized warnings published in the media and understandable anxiety. The annual mean number of medical consultations was lower in the post-trial period than the pre-trial period for all three trials, with 5.9, 5.0 and 2.2 fewer consultations in the osteoarthritis, neuropathic pain, and ADHD trials, respectively (Table 3 ). These differences were statistically significant in the osteoarthritis trial (p<0.001), but not in the neuropathic pain trial (p=0.076) nor the ADHD trial.
In all three trials, fewer pharmaceuticals were prescribed in the post-trial compared with the pre-trial period; these differences were not significant. However, the smaller number of items prescribed resulted in pharmaceutical costs that were significantly lower in the osteoarthritis trials only (A$72, p= 0.045). Significantly higher mean costs for pharmaceuticals were noted in the neuropathic pain trials (A$468; p=0.011) and no significant difference in the ADHD trials (A$32; p= 0.212) ( Table 3) .
Following the osteoarthritis and neuropathic pain trials, the annual costs to the health system were significantly lower than the pre-trial period (i.e. cost-saving), and lower, but not significantly, (−A$37; p=0.558) following the ADHD trials. These differences in total costs are largely due to the costs saved from lower medical consultation rates in the post-trial period. (Table 3 ). The N-of-1 trials for osteoarthritis were most likely to result in cost-savings; (i.e. following these trials, cost-savings to the health system were obtained for 75.6% of the participants). In the neuropathic pain trials, cost-savings to the health system were obtained for 60.6% of participants whereas in the ADHD trials, cost-savings were obtained for 44.4% (Table 3) .
Scenario Analyses-Trial Results Endorsed and Prior Use of Higher Costs Pharmaceuticals
Results for the scenarios where evidence is required for continued access to the pharmaceutical in question are reported in Table 4 . When trial results are endorsed, the costs of pharmaceuticals are cost-saving for osteoarthritis (and of similar magnitude as those observed-see Table 3 ), but continue to result in higher costs for neuropathic pain and ADHD. However, compared with the observed costs (Table 3) , the costs for pharmaceuticals in the neuropathic pain and ADHD trials are substantially lower when trial results are endorsed. Under this scenario, N-of-1 trials result in statistically significant cost-savings to the health system for osteoarthritis and neuropathic pain (p<0.001 for both), but no statistically significant difference in the ADHD trials. When all participants were assumed to have used the higher cost pharmaceutical for the three months before the trials, significant cost-savings to the health system were evident for all three trials (Table 4) .
DISCUSSION
The N-of-1 trials for osteoarthritis, chronic neuropathic pain and ADHD appeared to have a high impact on prescribing with a high proportion of management changes compared to baseline over the 12 months of follow-up. 9, 10, 16, 17 In addition, persistence was high for the ADHD trial (70%). Indeed, another methylphenidate N-of-1 study has shown >80% persistence with the joint decision at similar time periods. 17 However, persistence was lower with the osteoarthritis and chronic neuropathic pain trials (45% and 32%). For the celecoxib trial, persistence decreased substantially to about a third of participants after ceasing the trial prematurely due the warnings in the media about COX-2 inhibitors. This rate is similar to general compliance rates reported in the literature for participants who have not been involved in N-of-1 trials. 18, 19 Comparing the costs for pharmaceuticals and medical consultations for the 12 months pre-and post the N-of-1 trials, significant cost-savings to the health system were evident for the osteoarthritis and chronic neuropathic pain trials. The majority of cost-savings were from reductions in medical consultations rather than reduced pharmaceutical costs. In * includes specialist visits: pre-trial mean=2.18, 3-month post-trial mean=1.0; these specialist visits were excluded from the statistical tests fact, the pharmaceutical costs for the chronic neuropathic pain trials and the ADHD trials increased following the trial due to many patients being on low-cost pharmaceuticals before the trial, and those showing a response to the higher cost pharmaceutical in the trials continued with the higher cost pharmaceutical after the trial. In the absence of an N-of-1 trial, these patients would have commenced higher cost pharmaceuticals with an uncertain response, and incurred higher costs than our estimates. The costs reported above do not include the costs of running the trial. We estimate the marginal costs were approximately $600 per participant in each trial. The marginal cost includes recruitment, preparation and dispatch of pharmaceutical packs, data collection and analysis, generation of results, and feedback of results and follow-up for 12 months. In practice, active recruitment, 3, 6 and 12-month follow-up is not required outside of a research agenda; therefore, the marginal costs will be limited to dispatch and retrieval of medications, data entry and report generation with a marginal cost of approximately $100. However, there are substantial fixed costs including design of protocols, questionnaires, database and pharmaceutical packs that are independent of the number of participants. The total fixed cost for the three N-of-1 trials in the research setting was close to $70,000 ($350 per participant) but estimate these to be close to $9000 per trial in practice as greater efficiencies and economies of scale develop. Overall, the resources required for N-of-1 trials are relatively few to reduce therapeutic uncertainty. 20 N-of-1 trials are most applicable when the use of more expensive agents are restricted to those patients who have tried and failed less expensive agents in the same therapeutic class. Treatment algorithms imposed by the funder (in Australia, the PBS) might specify that an N-of-1 trial must be undertaken to prove effectiveness in that patient; only when evidence of response is determined may the patient gain subsidized access to high cost therapy. Since all patients in this study had an uncertain response to treatment before the N-of-1 trial, the trial allowed identification of responders and non-responders. These N-of-1 trials indicate that many of these patients have no incremental benefit from the more expensive agent, and the cost-savings from identifying responders and non-responders can in some cases justify the cost of undertaking the N-of-1 trial. Furthermore, the potential to identify non-responders and avoid unnecessary exposure to both the risks and costs of ineffective treatment should not be underestimated. Some centers routinely use N-of-1 trials in clinical practice, for example some cystic fibrosis centers have developed N-of-1 trials of rhDNase. 21 There are several limitations of these three studies. In this analysis, outcomes were dichotomized as responder or nonresponder. This was a pragmatic approach given the relatively small numbers in the trials. However, some patients had a partial response where they may have reported a positive response in one or two of the three cycles. Therefore, prespecified thresholds for determining response should be developed prior to any N-of-1 trial. In this study, our responder threshold was a positive response in all three cycles. In practice, a clinician must make a binary decision about whether the patient should continue with the pharmaceutical or not. Therefore, if N-of-1 trials are to be used in practice, the definition of a responder should be developed that is specific to the pharmaceutical. In addition, the costs of the trials It is possible that reductions in costs from the pre-trial to post-trial periods were exaggerated by the 'regression to the mean' phenomenon where people may be motivated to join trials when their problem is at its worst, making spontaneous improvement more likely. 22 In the absence of a control group, we are not able to estimate the effect of this phenomenon, but the same phenomenon may be a factor with patients seeking care outside of trial settings. The rate of loss to follow-up is acceptable, 17, 23 although it may be considered the greatest limitation of the study. The follow-up enabled persistence rates at 12 months with the treatment decision from the trial to be evaluated; these were 70% (ADHD trial), 45% (celecoxib trial) and 32% (neuropathic pain trial). Although not conclusive because of the lack of a control group, our results point towards a potential improvement in persistence after completing an N-of-1 trial, at least for ADHD. This finding is worth further study considering the difficulties with pharmaceutical-taking in many chronic conditions. Moreover, N-of-1 studies report compliance with the trial protocol for the period of the trial only without evaluating persistence with the decision following the trial. Therefore, our three studies provide some groundwork for future comparisons of persistence. N-of-1 trials such as those reported here, represent the highest standards of establishing therapeutic benefits and harms in an individual. 24, 25 These trials not only account for patient perceptions and values, but patients are more likely to become compliant and adhere better to their treatment regimen, gain greater understanding of their disease and their treatment regimen, and improve the relationship with their healthcare professional. 26 
CONCLUSION
This study shows that using N-of-1 trials to identify optimal treatment led to patients and their doctors tending to persist with that treatment. Implementation of a large scale N-of-1 trials program would need to balance the perceived clinical benefits against the net costs of implementation, but may be worthwhile when there is uncertainty about individual response to high cost pharmaceuticals.
